hood BMI may be mediated by larger size for gestational age.
Introduction
The prevalence of overweight among preadolescent US children has more than doubled in the past 25 years, rising from 5 to 14% in 2-to 5-year-olds and from 7 to 19% in 6-to 11-year-olds [1, 2] . In children and adolescents, being overweight or having a high percentage of body fat is related to cardiovascular disease risk factors [3, 4] , and higher risk of metabolic syndrome [5] . In addition, childhood overweight and obesity track into adulthood [6, 7] , and obesity in adulthood increases a person's risk for serious health problems including cancer, stroke, heart disease, type 2 diabetes, and premature death [8] . Therefore, it is important to identify risk factors for childhood obesity.
Most studies of childhood obesity risk factors have categorized obesity outcomes. These categories have included the international body mass index (BMI) stan-dards for childhood overweight and obesity [9] , various population percentile cutoffs for overweight and obese, measurements of body fat, and variations on weight/ height. While BMI is considered a reasonable estimation of fatness in children, the use of categories may not be the most appropriate way to examine body size, as health risks may increase linearly with increasing body size. Therefore, we examined childhood BMI as a continuous outcome variable.
Exposure to diabetes [10] or cigarette smoke [11, 12] in utero, high birthweight [13, 14] , rapid weight gain/catchup growth in infancy [13, [15] [16] [17] , and shorter breastfeeding duration [18] [19] [20] [21] have been associated with increased risk of childhood obesity. However, we currently have little understanding of how these early-life risk factors for childhood obesity are related to and affect each other.
Knowledge of the interrelationships between early-life risk factors for higher childhood BMI may help to identify biologic mechanisms that drive higher childhood BMI, and to describe the potential impact of changing modifiable early-life risk factors for higher childhood BMI. Therefore, we explored known early-life exposures for association with higher childhood BMI, and attempted to better define the complex interrelationships between known early-life risk factors and higher childhood BMI.
Methods and Procedures

Study Population
The Diabetes Autoimmunity Study in the Young (DAISY) is a prospective study of two groups of young children at increased risk for developing type 1 diabetes [22] . One group consists of unaffected first-degree relatives of patients with type 1 diabetes, identified and recruited in infancy through the Barbara Davis Center for Childhood Diabetes in Denver, Colo., other diabetes care clinics, and the Colorado IDDM Registry. The second group consists of babies born at St. Josephs Hospital in Denver, Colo., and screened by umbilical cord blood samples for diabetes susceptibility alleles in the human leukocyte antigen (HLA) region [23, 24] . The St. Josephs Hospital newborn population is representative of the Denver metropolitan area general population. Cord blood is sent to Roche Molecular Systems, Inc., Alameda, Calif., for PCR-based HLA class II typing. The details of the newborn screening [22] and follow-up [25] have been published elsewhere.
DAISY subjects complete clinic visits at 9, 15, and 24 months, and annually thereafter up to age 15. Potential predictors and cohort selection variables were collected as follows: gender, race/ ethnicity (non-Hispanic white or other), maternal education ( ^ or 1 12 years of education), annual household income ( ! or 6 USD 30,000), mother's age at child's birth, type 1 diabetes status of first-degree relatives, exposure to mother's diabetes in utero (type 1, type 2, gestational, or none), exposure to cigarette smoke in utero (while pregnant with the DAISY child, mother did or did not smoke at least 50 cigarettes), birthweight, and length of gestation were collected in an interview at the time of enrollment. Exclusive breastfeeding duration, total breastfeeding duration, and formula use were recorded in a structured telephone interview conducted by a DAISY staff member at 3, 6, 9, 12, and 15 months of age. Exclusive breastfeeding duration was determined by the reported age at which the infant was exposed to any foods or liquids other than breast milk or water. Weight gain in infancy was calculated as: [(weight, kg, at X years -birthweight, kg)/age in years] for weights measured at the clinic visit that took place between 6 months and 1 year of age (mean age = 0.78 years). This variable represents how rapidly the child grew in their 1st year, and the units are kg/year. Small, appropriate, and large birthweight for gestational age (lowest 10th percentile, 10th-90th percentile, and top 10th percentile of a national sample, respectively [26] ) were determined by reported weeks of gestation and birthweight (g).
Weight was measured at every clinic visit on a scale with a precision of 8 0.1 kg. First measurement of height was taken when the child was able to stand cooperatively, around 2 years of age, and annually thereafter. Height was collected using a stadiometer with a precision of 8 1 mm. BMI was calculated as weight (kg)/ height (m) 2 . Because children that are able to stand cooperatively at very young ages may differ from their peers in terms of growth and development, all BMI measurements collected prior to 2 years of age were eliminated from the dataset to prevent bias.
There were 1,746 DAISY subjects enrolled at birth. Twelve subjects were removed from this analysis because they were autoantibody-positive on their first clinic visit, 408 subjects were removed because they never had a height or weight recorded, 140 subjects were removed due to lack of infant weight gain data, and 8 subjects were removed due to lack of breastfeeding data.
Puberty is a time of hormonal changes which result in rapid nonlinear growth. In order to remove the potentially confusing effects of puberty from our analyses, BMI collected between the ages of 2 and 11.0 for girls, and between the ages of 2 and 11.5 for boys, were used for the outcome. These age cutoffs were obtained from an unrelated analysis, in which self-Tanner staging questionnaires [27] were collected on a separate subset of DAISY children aged 6 8 years (n = 604). Of the children that reported being Tanner stage 2 for pubic hair, the age cutoffs listed above represent their median age, by gender.
The DAISY cohort follows children at high risk for developing type 1 diabetes (25% of DAISY children have the high-risk HLA genotype, compared to ϳ 2.3% in the general population [22] ), and DAISY children are tested for diabetes-related autoantibodies at each clinic visit. In order to remove the unknown effects of the early type 1 diabetes disease process on childhood BMI, we excluded data from all visits at and after the development of islet autoimmunity for the 78 children who developed islet autoimmunity during follow-up.
Thus, 5,668 records collected prospectively on 1,178 DAISY subjects (described in table 1 ) were used in these analyses. Informed consent was obtained from the parents of each study participant, and assent was obtained from the DAISY children beginning at age 7. The Colorado Multiple Institutional Review Board approved all study protocols.
Statistical Analysis
Childhood BMI was the outcome measure in these analyses. Linear mixed-effects models (SAS v9.1 Proc Mixed procedure) for longitudinal measures were used to identify independent predictors of higher childhood BMI. This modeling approach allows the use of multiple records per subject collected over time, and recognizes intrasubject correlation, such that the model estimates reflect both intrasubject and intersubject effects. Prior to analysis, the procedure discussed by Cnaan et al. [28] was used to determine best-fit polynomials for both the fixed and random age effects. The -2 log likelihood statistic and plots of the means and standard deviations of the BMI data were used to determine which degree of polynomial in age best described both the fixed and random effects of a model with BMI as the continuous dependent variable. These models distinguish variability between subjects and variability between repeated measurements over time within subjects. These models had unstructured covariance matrices, and between-subject covariance matrices were restricted to be positive definite.
Using the best-fitting univariate model of age as a base model, potential predictors of higher childhood BMI were examined univariately ( table 1 ) and multivariately ( table 2 ) . Based on the multivariate results presented in table 2 , we then explored the interrelationships between significant potential predictors for which significant correlation, temporal association and likely biologic mechanism suggested that two predictors may be in the same pathway leading to higher childhood BMI. Linear regression and linear mixed models were used to explore for mediators. A procedure to test for mediation has been described previously [29, 30] . We tested for mediation in our data with fixed exposure variables and multiple outcome measurements per subject.
Mediation analysis is a simple form of structural equation modeling. Our mediation analysis was conducted as follows: (1) Fit a linear mixed model predicting the outcome by the independent factor of interest to get the total effect ( ) of the independent factor on the outcome. (2) Add the potential mediator to the model fit in step 1 to estimate the direct effect ( ) of the independent factor of interest adjusted for the potential mediator, and the effect ( ␤ ) of the potential mediator on the outcome. (3) Fit a linear regression model regressing the potential mediator on the independent variable of interest to estimate the effect ( ␣ ) of the independent factor on the potential mediator. The indirect effect of the independent factor on the outcome is the difference between the total and direct estimates ( -) and represents the effect of the independent factor on the outcome that works through (is explained by) the mediator. The mediated effect can also be calculated as ␣ ؒ ␤ (i.e. ␣ ؒ ␤ = -). This property is useful for testing the significance of the mediated effect (see next paragraph). The direct effect of the independent variable on the outcome is the effect that does not work through the mediator in the adjusted model ( ). To estimate the percentage of the total effect of the independent factor on the outcome that is mediated through the proposed pathway, the following equation was used: [( -)/ ] ؒ 100.
To determine the significance of the mediated effect, the following test statistic was used: Z = ( ␣ ؒ ␤ )/standard error ( ␣ ؒ ␤ ), where the standard error of ␣ ؒ ␤ , [SE( ␣ ؒ ␤ )] was calculated using the Sobel method [31] . A significant Z statistic (p ! 0.05) was used to indicate significant mediation. A program that estimates the mediation effect can be found online at http://www.people.ku. edu/ ϳ preacher/sobel/sobel.htm.
Results
The DAISY subjects in this analysis were predominantly non-Hispanic white, approximately 47% female, and had a mean age at last follow-up of 6.59 years. The best-fitting age model ('base model') was quadratic in the fixed effects and random effects. Univariate associations between childhood BMI and early life factors of interest are presented in table 1 . Male gender, diabetes exposure in utero, larger size for gestational age, more rapid weight gain in the 1st year of life, and shorter total breastfeeding duration were significantly associated with higher childhood BMI in the univariate models. Exposure to tobacco smoke in utero, exclusive breastfeeding duration, maternal education, mother's age at child's birth, non-Hispanic white ethnicity, family income level, high-risk HLA genotype, and family history of type 1 diabetes were not associated with higher childhood BMI ( table 1 ) .
In the multivariate model that included all the early life factors significantly associated with higher childhood BMI, diabetes exposure in utero and total breastfeeding duration were no longer significantly associated with higher childhood BMI ( table 2 ). We suspected these factors were no longer significantly associated with higher childhood BMI because they were closely related to other independent variables in the model. Therefore, we used mediation analysis to explore the interrelationships between these potential predictors of higher childhood BMI for which significant correlation, temporal association and likely biologic mechanism suggested that two predictors may be in the same pathway leading to higher childhood BMI.
We hypothesized that larger size for gestational age was in the pathway of the effect of diabetes exposure in utero on higher childhood BMI. Birth size was correlated with diabetes exposure in utero in this cohort (Spearman correlation coefficient = 0.16, p ! 0.0001). Mediation analyses suggested that 46% of the effect of exposure to diabetes in utero on higher childhood BMI may be explained by greater size for gestational age [total effect ( ) for diabetes exposure in utero: 0.261, direct effect ( ) for diabetes exposure in utero: 0.140, Z = 4.46, p ! 0.0001].
We also hypothesized that rapid infant weight gain was in the biologic pathway of the effect of shorter breastfeeding duration on higher childhood BMI. More rapid infant weight gain was inversely correlated with shorter breastfeeding duration in this cohort (Spearman correlation coefficient = -0.20, p ! 0.0001). Mediation analysis suggested that 69% of the effect of shorter breastfeeding duration on increased childhood BMI may be explained by rapid infant weight gain ( for breastfeeding duration: -0.016, for breastfeeding duration: -0.005, Z = -5.67, p ! 0.0001).
Discussion
While a number of early-life risk factors for high childhood BMI have already been identified, the pathways that connect these risk factors are not well understood. We found that gender, diabetes exposure in utero, size for gestational age, weight gain in the first year of life, and total breastfeeding duration (inverse) showed significant association with higher childhood BMI ( table 1 ) . Mediation analysis suggested that the protective effect of breastfeeding duration on childhood BMI may be largely mediated by slower infant weight gain, and the increased risk of higher childhood BMI conveyed by exposure to diabetes in utero may be partially explained by greater birth size.
Two hypotheses regarding the observed protective effects of breastfeeding against childhood obesity [18, 19, 21, 32] (high fat, low protein) and formula (low fat, high protein) contributes to early adiposity rebound and greater subsequent childhood obesity in formula-fed infants [33] . The second suggests that the protective effect is due to lower plasma concentrations of insulin, a hormone that promotes fat storage, in breastfed infants compared to formula-fed infants [34] .
Rapid weight gain in infancy has also been associated with childhood obesity [13, 17] . An association between breastfeeding duration and rapid infant weight gain has been seen previously [35] [36] [37] . We also showed that rapid infant weight gain is a significant mediator of the association between shorter breastfeeding duration and higher childhood BMI (p ! 0.0001; fig. 1 ). It is possible that infant feeding patterns may be influenced by rapid infant weight gain. For example, babies that are 'falling off' their growth curve may be weaned due to their mother's or physician's perception of insufficient growth. We hypothesize that the association between rapid postnatal infant growth and increased childhood BMI is due to a diet-induced altered metabolic state in infancy, the effects of which persist throughout childhood.
Exposure to gestational diabetes has been associated with greater fat mass at birth [38] , and childhood obesity has been associated with exposure to diabetes in utero [10, 39, 40] . We found that exposure to diabetes in utero was associated with higher childhood BMI, and that greater birth size acted as a partial mediator in this association. It has been hypothesized that exposure to diabetes in utero may lead to childhood obesity via fetal hyperglycemia and hyperinsulinemia. Fetal hyperinsulinemia can act as a growth hormone, leading to larger birth size, and may induce insulin resistance, leading to overgrowth of fat cells and obesity in postnatal life. Other research suggests that exposure to diabetes in utero may lead to childhood obesity in the absence of higher birthweight due to in utero programming effects [41] . This may explain why the mediating effect of higher birthweight does not explain all of the association between exposure to diabetes in utero and higher childhood BMI.
Furthermore, mediator analysis of the subgroup that excluded the 47 subjects exposed to gestational diabetes in utero (no analysis subjects were exposed to type 2 diabetes in utero) estimated that birth size mediated 59% of the effect of exposure to type 1 diabetes in utero on increased childhood BMI ( for type 1 diabetes exposure in utero: 0.235, for type 1 diabetes exposure in utero: 0.096, Z = 4.52, p ! 0.0001; fig. 1 ). The mediating role of birth size in the pathway between type 1 diabetes exposure in utero and higher childhood BMI has not yet been demonstrated.
Both low birthweight [15] and high birthweight [13, 14, 17] have been associated with childhood obesity. We found larger size for gestational age, a marker of in utero growth permissiveness, was associated with higher childhood BMI ( table 2 ) . Adjustment for infant weight gain strengthened the effect of higher birthweight on higher childhood BMI, suggesting that, although high birthweight infants gain less weight in the 1st year of life, they still remain at higher risk for higher childhood BMI. Similarly, a study in the Pima Indians found that children exposed to diabetes in utero had higher birthweights, slower weight gain ('catch-down growth') in infancy, and subsequent greater childhood obesity [42] .
The main strengths of this analysis are the large sample size, the prospective, longitudinal nature of the data, and the long follow-up time. We were able to explore associations and interrelations between known early-life exposures and higher childhood BMI. Study weaknesses include lack of other measures of fat mass and physical activity data. More accurate measures of childhood fat mass may help to more specifically identify the early life risk factors that are most important for preventing chronic disease processes in children. Physical activity may ex- plain (low levels of physical activity may result in higher BMI), or counteract (via high muscle mass) the potentially ill effects of higher childhood BMI. We were also unable to analyze some known risk factors for higher childhood BMI, such as maternal diet and weight gain during pregnancy. Parental height and weight were not included in this analysis due to concerns that the very low response rate and the self-reported nature of these data would produce an unstable and biased result. While the mediation analysis assumes causality, the observational study design prevents determination of causality. In addition, there may be unmeasured confounders in our mediation analyses (e.g. physical activity, genetics, etc.).
It is possible that a number of the analysis subjects had already started to undergo body changes related to puberty. However, a sensitivity analysis revealed that reducing the upper age limit of subjects in the analysis from 11.5 years (boys) and 11 years (girls) down to 9.5 years and 9 years, respectively, did not change the results. Finally, the DAISY population may not be representative of the general population, as enrollment is based on HLA genotype or family history of type 1 diabetes. However, these sampling variables were not associated with this analysis outcome, and we did not include any records that may have been affected by the autoimmune disease process. Therefore, the cohort selection is unlikely to affect the results.
In conclusion, we defined two separate pathways between early life risk factors and higher childhood BMI in a cohort of healthy U.S. children. Our results suggest that infants that are breastfed for a shorter period of time tend to gain weight faster during the 1st year of life, and are subsequently more likely to have higher childhood BMI. Likewise, larger birth size may partially mediate the association between diabetes exposure in utero and higher childhood BMI. Future research should be directed towards better understanding how genetics (such as parental BMI) and fetal exposures (such as weight gain during pregnancy) interact with early life (composition of infant diet, infant weight gain) and childhood diet and physical activity patterns in determining childhood risk of higher BMI. Such research may lead to targeted mother and infant nutritional recommendations that would reduce risk of higher BMI throughout childhood, and thus potentially reduce the risk of obesity-related diseases throughout life.
